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ABSTRACT 

	Background and hypothesis.
Chronic kidney disease (CKD) and acute kidney injury (AKI) share a pathobiological cascade—hyperfiltration, inflammation, oxidative stress, and fibrosis—that accelerates nephron loss and amplifies cardiovascular risk. Renal‑replacement innovations (e.g., high‑volume online hemodiafiltration, ol‑HDF) and workforce interventions (simulation-enhanced training) are proposed levers to improve outcomes, but their effectiveness depends on infrastructure and process fidelity. Hypothesis: In adults with advanced CKD/end-stage kidney disease, programs that deliver high‑volume of‑HDF (post-dilution convective volume ≥20 L/session) together with standardised, simulation-based paramedical training will achieve ≥15% relative reduction in cardiovascular mortality and ≥25% reduction in dialysis-related incidents versus high-flux hemodialysis without such training.
Aim: The review aims to explore pathophysiological pathways, renal-replacement innovations, and paramedical competency for integrated management of kidney failure. 
Methods.
We conducted a PRISMA-guided narrative review of a pre-compiled doctoral corpus (2022–March 2024). Records were de-duplicated, dual-screened (titles/abstracts, then full text), and included if they addressed pathophysiology/biomarkers, extracorporeal technologies, or paramedical training/quality. Data were extracted in duplicate using a piloted form; study-level appraisal used RoB 2/ROBINS‑I/STROBE/CONSORT/AMSTAR‑2 as appropriate. Given heterogeneity, we performed thematic (inductive–deductive) synthesis rather than meta-analysis.
Results.
From 230 records, 28 duplicates were removed; 202 were screened, and 172 included. Evidence converged on a hyperfiltration→inflammation/oxidative stress→fibrosis pathway driving CKD progression; albuminuria, β₂‑microglobulin, and inflammatory cytokines were consistent risk markers. High‑volume ol‑HDF improved middle‑molecule removal and was associated with 10–17% lower cardiovascular mortality versus high‑flux hemodialysis in several trials/registries, though some randomised studies were underpowered. Hybrid ICU modalities (SLED/SLED‑f) were generally non-inferior to continuous RRT for survival with logistical advantages. Synthetic high-flux membranes (polysulfone/polyethersulfone) reduced complement activation versus cellulose. Continuing‑education programs that applied adult‑learning principles and high‑fidelity simulation reduced dialysis-related incidents by ~20–30% and improved maintenance and alarm‑response practices.
Conclusion.
An integrated strategy that targets upstream biology, deploys ol‑HDF where infrastructure allows, and professionalises dialysis teams via simulation-based education is most likely to improve survival, safety, and patient experience. Priorities include validating early multimarker panels, adequately powered trials testing target convective volumes, rigorous implementation/cost-effectiveness evaluations, and accredited competency frameworks to standardise practice across centres. Future work should validate early multimarker panels for risk stratifiedrisk-stratified screening and therapeutic monitoring; test target convection volumes and patient-centred endpoints in sufficiently powered trials; and conduct implementation and cost effectivenesscost-effectiveness studies of olHDF and hybrid ICU modalities in resource-limited systems. 
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1. INTRODUCTION 

Chronic kidney disease (CKD) and acute kidney injury (AKI) now constitute a convergent global burden that rivals or exceeds many noncommunicable diseases. Acute kidney injury (AKI) and chronic kidney disease (CKD) are common interconnected syndromes that represent a public health problem. AKI and CKD predispose to each other in a vicious circle and may exert negative impacts independently or synergistically (Neyra & Chawla, 2021; Allinson et al., 2023). Recent estimates place CKD prevalence above 10% in several regions and project a continued rise driven by demographic change and cardiometabolic comorbidity, with the International Society of Nephrology reporting hundreds of millions affected worldwide (International Society of Nephrology, 2023). In middle-income settings, notably North and sub-Saharan Africa, type 2 diabetes and hypertension remain the dominant etiologies of advanced CKD, accounting for a large share of incident dialysis starts and amplifying cardiovascular risk. It is a global public health problem. The awareness of this major burden is relatively recent and still incomplete. Unfortunately, the multifaceted burden of chronic kidney disease (prevalence, morbidity, mortality, costs) is relentlessly growing, particularly in low-income countries (LIC) (Jadoul et al., 2024). Clinically, the disorder is insidious: large fractions of nephron mass may be lost before symptoms prompt testing, so many patients are first detected at stages 3–4, despite longstanding K/DOQI/KDIGO frameworks for staging and albuminuria-based risk stratification (Levey, 2002). Mechanistically, a coherent cascade links early injury to late scarring. Initial hyperfiltration and intraglomerular hypertension—prominent in diabetic and hypertensive nephropathy—induce podocyte stress, proteinuria, and progressive tubulointerstitial inflammation and fibrosis, ultimately driving a near-linear fall in glomerular filtration rate (Remuzzi & Bertani, 1998; Djudjaj & Boor, 2019; Meng, 2019). Oxidative stress and sterile inflammation further accelerate this trajectory (Vianna et al., 2011). These insights motivate earlier detection and targeted interventions along the hyperfiltration–inflammation–fibrosis axis, as well as evaluation of biomarkers that anticipate functional decline.
Extracorporeal renal replacement therapy (RRT) has evolved in response to these challenges. While conventional high‑flux hemodialysis (HD) remains indispensable, limitations in middle‑molecule clearance and treatment tolerance have catalysed uptake of online hemodiafiltration (olHDF), which augments convective removal and, when delivered at high convection volumes, has been associated with lower all‑cause and cardiovascular mortality than high‑flux HD in several trials and registries (Ok et al., 2013). In parallel, synthetic high‑flux membranes (polysulfone, polyethersulfone) have improved biocompatibility relative to cellulose, reducing complement activation and chronic microinflammation (Bowry, 2002; Develay et al., 2021). In critical care, sustained low‑efficiency dialysis (SLED/SLEDf) offers hemodynamic stability with noninferior survival versus continuous modalities in many contexts (Fiaccadori et al., 2006). Looking ahead, wearable and bioartificial kidney concepts aim for continuous, physiology-aligned clearance, though real-world effectiveness and safety remain under study. Crucially, technological benefit depends on delivery systems and people. Structured continuing education, simulation-enhanced training, and standardised procedures have reduced dialysis-related incidents and improved process reliability across multiple programs (Bolton, 2019; Heckenauer, 2019). Interpreted through Donabedian’s structure–process–outcome model and the Triple Aim, the literature suggests that infrastructure (ultrapure water, reliable machines, modern membranes), process fidelity (checklists, alarm management), and workforce competency act synergistically to determine outcomes and costs (Donabedian, 1980; Berwick, Nolan, & Whittington, 2008).
Against this backdrop, the present PRISMA‑guided narrative review integrates evidence across three axes—pathophysiological pathways and biomarkers, extracorporeal innovations, and paramedical competency—to delineate where the evidence converges, where it diverges, and which levers most plausibly improve survival, safety, and patient experience in kidney failure care.
Hypotheses :
H1: Early interventions that reduce glomerular hypertension and dampen inflammatory/oxidative signalling will slow CKD progression and the AKI‑to‑CKD transition.
H2: When delivered with adequate infrastructure and target convection volumes, olHDF produces superior hard outcomes (especially cardiovascular mortality) versus high‑flux HD.
H3: Structured, simulation-enhanced continuing education for dialysis staff reduces adverse events and improves process reliability relative to standard in-service training.
2. MATERIALS AND METHODS
[image: ]This review was designed as a critical narrative synthesis that nevertheless followed key elements of PRISMA 2020 to ensure transparent identification, screening, eligibility assessment, and inclusion of records (Page et al., 2021). The approach was selected to integrate three heterogeneous domains—pathophysiology, renal‑replacement technologies, and paramedical training—where a single pooled effect is inappropriate but a reproducible selection pathway and structured synthesis are essential (Page et al., 2021). The protocol was 

Figure 1. PRISMA flow diagram summarising the identification and selection of studies.



not prospectively registered. Reporting of information sources and search parameters reflects PRISMA‑S guidance insofar as it applies to a precompiled corpus (Rethlefsen et al., 2021).


Information sources consisted of a doctoral thesis corpus assembled between 2022 and March 2024 from biomedical databases and institutional repositories, then iteratively curated for relevance. Eligible document types included peer-reviewed original studies, systematic and narrative reviews, guidelines and consensus statements, technical reports, and book chapters (English or French) without geographic restriction but with deliberate inclusion of evidence from middle-income settings. To preserve coherence with the overarching doctoral project, no searches were conducted beyond this corpus; the coverage limitation was acknowledged a priori. The corpus was constructed using Boolean strings combining controlled vocabulary and free‑text keywords across the three axes. Renal physiology and disease terms included “glomerular filtration,” “hyperfiltration,” “proteinuria,” “oxidative stress,” “inflammation,” and “fibrosis.” The technology axis used “hemodialysis,” “hemodiafiltration,” “membrane,” “polysulfone,” “polyethersulfone,” “SLED,” “SLEDDf,” “wearable,” and “bioartificial kidney.” The education axis used “andragogy,” “simulation,” “virtual reality,” “competency-based,” and “checklist.” Search construction and documentation conformed to PRISMA‑S recommendations regarding terms, operators, and limits; database-specific syntaxes were harmonised to maintain conceptual equivalence (Rethlefsen et al., 2021).
After importation, duplicates were removed using Zotero’s exact and fuzzy matching plus manual verification. Study selection proceeded in two phases by two independent reviewers. Titles and abstracts were screened for relevance to at least one axis; disagreements were resolved by discussion, with third‑reviewer arbitration as needed. Full texts were then assessed against prespecified criteria. In total, 230 records were identified, 28 duplicates removed, 202 records screened, and 172 articles included in qualitative synthesis (PRISMA flow summarised in the article). Inclusion required coverage of at least one theme: renal pathophysiology (AKI or CKD), etiological determinants, clinical/biological manifestations, extracorporeal RRT techniques/devices, or paramedical training and quality‑of‑care indicators. We accepted randomised and nonrandomized clinical studies, observational cohorts and case‑control studies, mechanistic/translational work, guidelines, and systematic reviews. Letters without data, conference abstracts without full text, and inaccessible items were excluded. CKD staging followed K/DOQI; AKI definitions followed KDIGO 2012 (Levey, 2002; KDIGO AKI Work Group, 2012).
Data extraction used a piloted standardised form aligned with PRISMA 2020 data‑items guidance (Page et al., 2021). Two reviewers independently captured study identifiers, design, population, intervention/exposure details (e.g., membrane type, convection volume, dialysis prescription, training modality), comparators, outcomes (mortality, cardiovascular events, infections, adequacy, biomarkers), context, and implementation prerequisites (water quality, staffing, preventive maintenance). Disagreements were reconciled by consensus. When critical data were missing yet inferable from figures or tables, we adopted conservative assumptions per the Cochrane Handbook and documented these for sensitivity analysis (Higgins et al., 2022). Risk‑of‑bias and reporting‑quality appraisal employed design‑appropriate tools without serving as inclusion criteria: RoB 2 for randomized trials (Sterne et al., 2019); ROBINS‑I for nonrandomized studies (Sterne et al., 2016); STROBE for observational reporting completeness (STROBE Initiative, 2007); AMSTAR 2 for systematic reviews (Shea et al., 2017); and CONSORT 2010 cross‑checks for trial reporting (CONSORT Group, 2010). Judgments informed interpretation and weighting, but were not converted to composite scores.
Given the heterogeneity of populations, interventions, and outcomes, no meta-analysis was planned. We conducted a structured narrative synthesis following Popay et al. and, for the training/implementation axis, an inductive–deductive thematic synthesis per Thomas and Harden (Popay et al., 2006; Thomas & Harden, 2008). Coding in NVivo 14 used an initial codebook refined iteratively; dual coding on a subset enhanced reliability. Where feasible, we stratified findings by resource context, modality, and care setting, and examined moderators such as convection targets and water treatment standards. Certainty of evidence was conveyed narratively using GRADE concepts adapted to non-metametric synthesis. Analyses used Zotero 6.0, NVivo 14, and Microsoft Excel. No human participants or individual‑level data were involved; ethics review was not required.

3. RESULTS
Across etiological analyses, type 2 diabetes and arterial hypertension were consistently the dominant determinants of CKD and progression to end-stage kidney disease. National and regional series from middle-income settings corroborated this pattern, with Moroccan data attributing nearly half of incident dialysis starts to the diabetes–hypertension dyad, in line with broader epidemiology from sub-Saharan contexts (International Society of Nephrology, 2023). This etiological concentration aligns with mechanistic evidence linking prolonged glomerular hyperfiltration and intraglomerular hypertension in diabetic and hypertensive nephropathies to podocyte injury, segmental sclerosis, and subsequent nephron dropout (Remuzzi & Bertani, 1998). Longitudinal descriptions across the corpus support a two-phase trajectory in many CKD phenotypes: an early compensation phase characterised by heightened single‑nephron GFR followed by a near‑linear decline of total GFR as fibrosis and glomerulosclerosis accumulate (Remuzzi & Bertani, 1998; Djudjaj & Boor, 2019). Heavy proteinuria—when present—was repeatedly associated with faster decline, consistent with tubular activation by filtered proteins that amplify inflammatory and fibrotic signalling (Djudjaj & Boor, 2019; Meng, 2019; Vianna et al., 2011). Evidence of increased oxidative stress and inflammatory mediators in advanced CKD, including higher levels of IL-6 and TNF-α, was frequent, and these signals were linked qualitatively to symptom burden and adverse outcomes without consistent thresholds for clinical decision‑making across studies (Vianna et al., 2011). The silent clinical course of early CKD was a recurring theme; several cohorts reported late-stage detection coincident with guideline-defined stages 3–4, reinforcing the value of routine albuminuria assessment and guideline-concordant staging to initiate renoprotective measures earlier in the disease course (Levey, 2002; KDIGO CKD‑MBD Update Work Group, 2017).
Biomarker findings were heterogeneous but showed consistent directions of association. Microalbuminuria remained the most practicable early signal for diabetic nephropathy within K/DOQI/KDIGO frameworks (Levey, 2002). Markers of fibrogenic activity linked to TGF‑β/Smad signalling appeared in translational and preclinical work and were associated with histologic fibrosis burden, while oxidative‑stress readouts aligned with systemic inflammation and symptomatology (Meng, 2019; Vianna et al., 2011). Middle‑molecule uremic toxins, such as β₂‑microglobulin, were frequently elevated in conventional high‑flux HD cohorts and were observed to fall more effectively with convective therapies, though direct biomarker‑to‑outcome mediation was variably reported (Bowry, 2002; Develay et al., 2021; Ok et al., 2013). Table 1 summarises the predominant biomarker or construct signals, their qualitative directions, and representative references.
Table 1. Predominant biomarker or construct signals, qualitative directions, and representative references
	Domain / Construct
	Candidate biomarker(s) or signal
	Qualitative direction (typical finding)
	Clinical / pathophysiologic association

	Glomerular hyperfiltration & intraglomerular hypertension
	Single‑nephron GFR (concept), early hyperfiltration
	↑ early (compensatory)
	Podocyte stress → proteinuria → segmental sclerosis; initiates progression cascade

	Albuminuria / Proteinuria
	Urinary albumin (UACR), microalbuminuria; heavy proteinuria
	↑ associates with higher risk; heavy proteinuria accelerates decline
	Earliest practicable clinical signal; tubular activation by filtered proteins amplifies inflammation/fibrosis; faster eGFR loss

	Inflammation
	Cytokines (e.g., IL‑6, TNF‑α)
	↑ in advanced CKD
	Links to symptom burden and adverse outcomes; part of sterile inflammation milieu

	Oxidative stress
	Composite oxidative stress readouts (e.g., lipid/protein oxidation markers; conceptual in review)
	↑ in CKD
	Accelerates injury alongside inflammation; mechanistic amplifier of fibrosis

	Fibrogenic signaling
	TGF‑β/Smad pathway readouts; histologic fibrosis burden
	↑ with progression
	Tracks/mediates tubulointerstitial fibrosis; correlates with scarring severity

	Middle‑molecule uremic toxins
	β₂‑microglobulin (β₂M) (surrogate)
	↑ with conventional high‑flux HD; ↓ more with convective therapies (olHDF)
	Burden of middle molecules; mechanistic link to inflammation/morbidity; improved clearance under olHDF

	Complement / biocompatibility signals
	Complement activation fragments (e.g., C3a/C5a; conceptual surrogate)
	↓ with synthetic polysulfone/polyethersulfone vs cellulose membranes
	Lower microinflammatory activation; better treatment tolerance when biocompatibility is higher

	Functional trajectory
	eGFR slope (construct)
	Near‑linear ↓ after early compensation phase
	Captures cumulative scarring; clinical expression of the hyperfiltration→fibrosis cascade


Source: Author
In the technology axis, the comparison between high‑flux HD and high‑volume online hemodiafiltration (olHDF) yielded the most consistent directional signal. Studies that achieved high convection volumes reported reductions in all-cause and cardiovascular mortality with olHDF versus high‑flux HD, with effect sizes ranging from modest to clinically meaningful; where trials were underpowered or convection volumes were suboptimal, the survival advantage attenuated toward null (Ok et al., 2013). Registry and cohort analyses converged with trials on improved middle‑molecule clearance and reduced inflammatory burden under olHDF, supporting a mechanistic link to the observed outcome effects (Bowry, 2002; Develay et al., 2021; Ok et al., 2013). The dependency of outcomes on implementation fidelity was explicit across reports: ultrapure water availability, machine reliability, and staff proficiency in delivering target convective volumes were repeatedly cited as prerequisites for realising olHDF benefits (Bowry, 2002; Develay et al., 2021; Ok et al., 2013). Synthetic high‑flux membranes—particularly polysulfone and polyethersulfone—were associated with lower complement activation and improved biocompatibility relative to cellulose-based membranes, with several studies noting reduced chronic inflammation and better tolerance; again, these advantages were conditional on water quality and reprocessing practices (Bowry, 2002; Develay et al., 2021). In critical‑care settings, hybrid prolonged intermittent modalities such as SLED and SLEDf demonstrated noninferior survival and renal recovery compared with continuous RRT in the included comparisons, with the added practical advantages of lower anticoagulation exposure and improved resource utilisation; modality selection remained contingent on patient hemodynamics and unit logistics (Fiaccadori et al., 2006). Exploratory reports on wearable and implantable bioartificial kidneys documented progress in silicon nanopore membranes and tubule cell bioreactors, but clinical outcome data were not available within the corpus; the immediate implication for practice was limited to horizon scanning and defining translational milestones. Table 2 synthesises the principal comparative signals and their caveats.
Table 2. Principal comparative signals across technologies/training and their caveats
	Comparison
	Principal signal (direction & magnitude)
	Conditions / prerequisites to realize benefit
	Key caveats / limitations

	High‑volume online hemodiafiltration (olHDF) vs high‑flux HD
	↓ all‑cause/CV mortality (≈ 10–17% in trials/registries when high convection achieved); ↑ middle‑molecule removal; ↓ inflammatory burden
	Consistently high post‑dilution convective volume (target ≥ ~20 L/session as program goal), ultrapure water, reliable machines, trained staff to hit targets
	Some RCTs underpowered; benefit attenuates with suboptimal convection; registry data susceptible to residual confounding; implementation fidelity critical

	Synthetic high‑flux membranes (PS/PES) vs cellulose‑based
	↓ complement activation / microinflammation; improved biocompatibility and tolerance
	Ultrapure fluids; appropriate reprocessing/maintenance; membrane selection aligned with patient needs
	Heterogeneity in study endpoints/assays; effects contingent on water quality and local practices

	Hybrid prolonged intermittent RRT (SLED/SLEDf) vs CRRT (ICU AKI)
	Non‑inferior survival and renal recovery in many contexts; logistical advantages (less anticoagulation exposure, resource flexibility)
	Patient hemodynamic suitability; staffing and scheduling to deliver prolonged sessions reliably
	Evidence base often observational/pragmatic; modality choice individualized; definitional variability across studies

	Simulation‑enhanced / structured continuing education vs standard in‑service
	↓ dialysis‑related incidents by ~20–30%; ↑ emergency recognition/first response; ↓ procedural errors at skills testing
	Programs grounded in adult learning, high‑fidelity simulation, checklists, and standardized protocols; leadership support
	Many studies single‑center, quasi‑experimental; limited long‑term durability data; potential Hawthorne effects; effect size scales with training intensity

	Wearable / bioartificial kidney concepts vs conventional center‑based HD
	Feasibility signals: ambulatory 24‑h sorbent‑based dialysis with acceptable solute/fluid control; potential QoL gains
	Robust device reliability and safety; regulatory clearance; patient selection; infrastructure for monitoring
	Early‑phase/first‑in‑human; no hard outcome data in current corpus; implementation and safety questions remain


Source: Author
In the training and implementation axis, educational interventions targeting paramedical staff were associated with improved process reliability and reductions in adverse events. Programs that combined adult‑learning principles with hands-on workshops or simulation reported decreases in dialysis-related incidents, particularly catheter-related infections and intradialytic hypotension, with relative reductions commonly in the 20–30% range across the included series (Bolton, 2019; Heckenauer, 2019). A quasi-experimental study highlighted improved recognition and first response to emergencies after simulation-based training, and a pilot evaluation of virtual‑reality modules documented fewer procedural errors at skills testing compared with traditional instruction, suggesting that technology-enabled education can translate to measurable performance gains in core dialysis tasks (Bolton, 2019; Heckenauer, 2019). Studies grounded in checklists and standardised protocols for catheter connection/disconnection and alarm management consistently showed fewer breaches and lower contamination events, reinforcing the process‑standardisation pathway to safer outcomes (Bolton, 2019; Heckenauer, 2019).
Integrative patterns emerged when findings were reframed through quality‑of‑care and health‑system lenses. Using Donabedian’s structure–process–outcome framework, centres that combined modern infrastructure (ultrapure water systems, synthetic membranes, olHDF capability) with standardised procedures and trained teams reported better patient outcomes and fewer treatment interruptions than centres lacking one or more of these elements (Donabedian, 1980). This triad aligns with the Triple Aim: fewer complications and improved adequacy improve patient experience and population health while reducing avoidable hospitalisations and associated costs (Berwick et al., 2008). The evidence base also highlighted context as a determinant of effect size. For example, olHDF’s apparent survival benefit was most convincing where high convection volumes were consistently delivered, whereas centres unable to assure ultrapure water or staff expertise saw diminished or absent gains (Bowry, 2002; Develay et al., 2021; Ok et al., 2013). Similarly, the safety impact of education programs scaled with the depth of simulation and the robustness of checklist adherence; programs reliant on didactics alone tended to report smaller or transient effects (Bolton, 2019; Heckenauer, 2019).
Uncertainty and gaps were also evident. Biomarker studies varied in assay methods and thresholds, limiting cross‑study comparability, and few directly linked temporal biomarker changes to hard outcomes after specific interventions beyond the broad association of albuminuria with decline (Remuzzi & Bertani, 1998; Djudjaj & Boor, 2019; Meng, 2019; Vianna et al., 2011; Levey, 2002). RRT trials were occasionally underpowered for mortality and differed in convection targets, which complicates precise effect estimation for olHDF despite a consistent favourable direction (Ok et al., 2013). Evidence for hybrid ICU modalities, while supportive of non-inferiority, was predominantly observational or pragmatic, underscoring the need for larger trials under contemporary critical‑care practices (Fiaccadori et al., 2006). Educational intervention studies were often single‑center with quasi-experimental designs and limited long-term follow-up, suggesting that future multicenter randomised or stepped‑wedge designs could better quantify durability and generalizability of training effects (Bolton, 2019; Heckenauer, 2019). Notwithstanding these limitations, the convergence of mechanistic plausibility, directional clinical effects, and implementation case studies across the corpus supports the review’s central thesis: interrupting the hyperfiltration–inflammation–fibrosis pathway early, deploying convective clearance where infrastructure allows, and professionalizing dialysis teams through simulation‑enhanced education are mutually reinforcing strategies that can improve safety and outcomes in kidney failure management (Remuzzi & Bertani, 1998; Djudjaj & Boor, 2019; Meng, 2019; Vianna et al., 2011; Bowry, 2002; Develay et al., 2021; Ok et al., 2013; Fiaccadori et al., 2006; Bolton, 2019; Heckenauer, 2019; Donabedian, 1980; Berwick et al., 2008).

[image: ]Figure 2. Mechanistic cascade from hyperfiltration to fibrosis in CKD progression.
Source: Synthesised from Remuzzi & Bertani (1998)
4. DISCUSSION
This synthesis maps two adjoining literatures: (i) ICU studies evaluating kidney biomarkers—especially urinary angiotensinogen (uAGT) and proenkephalin A (penKid)—for early AKI detection, risk stratification, and renal replacement therapy (RRT) decision‑making; and (ii) stage 4–5 CKD studies assessing multidisciplinary care (MDC) models for survival, hospitalization, and eGFR trajectories. Designs span prospective cohorts, post‑hoc analyses of randomised trials, and meta-analyses across cardiac surgery, sepsis, and mixed ICU settings, and across outpatient CKD programs. Together, they contextualise how mechanistic and care‑delivery signals can be translated into clinical decisions. 
Predictive Accuracy and Risk Stratification
Across ICU cohorts, penKid consistently shows good to excellent discrimination for short-term outcomes. In a prospective AKI ICU cohort, plasma penKid and NGAL independently predicted 28-day mortality, with the combination improving AUCs further (n=150) (Zhang et al., 2024). In the ELAIN trial’s post‑hoc analysis, lower penKid concentrations identified patients who could be liberated earlier and successfully from CRRT (Van Groote et al., 2022). In severe sepsis/shock, penKid predicted incident AKI, need for RRT, and renal function improvement (Caironi et al., 2018). Machine‑learning work integrating longitudinal clinical data with biomarkers further boosts early prediction for AKI and CRRT utilisation (Tan et al., 2024). Urinary panels can also stratify recovery trajectories, including successful weaning from acute dialysis (Pan et al., 2022). 
Comparative Biomarker Utility and Clinical Correlates
Head-to-head comparisons show plasma biomarkers often outperform urinary counterparts; penKid at ICU admission compared favourably with NephroCheck® (TIMP‑2·IGFBP7) for AKI detection (Gayat et al., 2018). Meta-analytically, penKid demonstrates moderate diagnostic accuracy for AKI across settings (Lin et al., 2023). Mechanistically anchored markers add complementary signal: uAGT, a readout of intrarenal RAS activation, predicts progression to severe AKI and composite adverse outcomes after cardiac surgery (Alge et al., 2013). For treatment‑course decisions, pooled evidence suggests several biomarkers have “reasonable” ability to predict need for RRT, but routine initiation decisions still require clinical context (Klein et al., 2018). 
Multidisciplinary Care and Patient‑Centred Outcomes in Advanced CKD
For CKD stage 4–5, MDC programs are consistently associated with lower mortality and better care processes. A systematic review found MDC slows eGFR decline and reduces mortality and emergent dialysis (Hsu et al., 2021). National cohort work from Japan suggests inpatient MDC can prevent renal function deterioration (Abe et al., 2023). In real-world outpatient programs, adherence to MDC was linked to lower mortality and more timely KRT starts (Ríos et al., 2022). A decade-long CKD‑5 clinic experience associated MDC plus education with fewer admissions and delayed dialysis (Terlizzi et al., 2022). Integrated diabetes‑kidney pathways improved all-cause mortality with shorter lengths of stay despite more planned hospitalisations (Zimbudzi et al., 2022). 
Methodological Considerations and Practice Implications
Most ICU biomarker studies are prospective, multicenter, or embedded in trials, with growing external validation; still, assay standardisation and threshold calibration remain priorities. Evidence syntheses underscore heterogeneity in populations and endpoints, and recommend combining biomarkers with clinical models for robust risk stratification (e.g., sTNFR‑1 models for severe AKI) and for operational decisions such as CRRT weaning. For CKD, MDC effectiveness is strongest when teams include nephrologists, nurses, dietitians, and pharmacists and when patient education is embedded, pointing to implementation science as the next frontier. 

CONCLUSION
This review underscores a systems reality: kidney‑failure outcomes improve most when biomedical insight, appropriate technology, and trained teams align. Pathophysiologically, interrupting the hyperfiltration–inflammation–fibrosis cascade early remains pivotal. Technologically, olHDF, biocompatible high‑flux membranes, and context-appropriate ICU modalities can confer advantages, but only when prerequisite infrastructure and maintenance standards are met. Organizationally, simulation-enabled education and standardised procedures translate capability into reliability, echoing quality‑of‑care frameworks. Several limitations temper these conclusions. The synthesis privileges studies within a precompiled corpus, risking omission of post-2024 evidence. Heterogeneity in designs, outcomes, and reporting precluded meta-analysis and complicates precise effect estimates, particularly for mortality in RRT trials. Biomarker studies vary in assays and thresholds, limiting immediate clinical generalizability. Educational evaluations are often single‑center and quasi-experimental, with uncertain durability. Future work should validate early multimarker panels for risk-stratified screening and therapeutic monitoring; test target convection volumes and patient‑centered endpoints in sufficiently powered trials; and conduct implementation and cost-effectiveness studies of olHDF and hybrid ICU modalities in resource‑variable systems. At the workforce level, national competency frameworks with accredited curricula and simulation capacity should be developed and evaluated using pragmatic multicenter designs. Together, these steps can operationalise an integrated, equitable model of kidney‑failure care that is safer, more effective, and economically sustainable.
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